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INTRODUCTION 
Positive identification of small fatigue cracks presents a challenging problem 
during nondestructive testing of fatigue damaged structures. First, it is important to 
distinguish fatigue cracks from primary geometrical features (e.g., nearby holes, comers, 
and edges) and secondary irregularities (e.g., uneven machining, mechanical wear, 
corr0'iion, etc.). Second, it is important to distinguish small fatigue cracks as early as 
possible after crack nucleation from intrinsic material inhomogeneities such as coarse 
grains, anomalous microstructure, second phases, precipitates, porosity, various types of 
reinforcement, etc. Generally, linear acoustic characteristics (attenuation, velocity, 
backscattering, etc.) are not sufficiently sensitive to very small fatigue cracks. On the other 
hand, in a great variety of structural materials even very small fatigue damage can produce 
very significant excess nonlinearity, which can be orders of magnitude higher than the 
intrinsic nonlinearity of the intact material [I]. The excess nonlinearity is produced by the 
strong local nonlinearity of a microcrack whose opening is smaller than the particle 
displacement. Perhaps the simplest way to observe crack-closure under laboratory 
conditions is to ultrasonically monitor the opening and closing of fatigue cracks when 
subjecting the specimen to static or quasi-static external loading. The technical realization 
of the acousto-elastic method must incorporate two tasks. One is to find an effective way to 
generate crack-closure in the specimen, i.e., the "elastic" problem. The other is to find a 
way to monitor the resulting parametric modulation by ultrasonic means, i.e., the "acoustic" 
problem. The modulation stress may be generated through different ways such as external 
cyclic loading in a typical fatigue test [I] or exploiting the inherent vibration of the 
structure itself during operation [2]. The main disadvantage of using external mechanical 
loading is that usually the whole structure must be loaded, which requires very substantial 
forces and might cause additional damage in certain parts of the structure. More localized 
temporary stresses can be produced by simply cooling or warming the specimen to be 
tested [3]. 
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EXPERIMENTAL METHOD 
When relatively low-intensity radiation is incident on a metal surface, some of the 
light energy is absorbed via electrons in the conduction band and converted into heat, while 
the rest is reflected. The absorbed energy is dissipated within a few nanometers of the 
surface, producing a rapid rise in temperature. The thickness of the heated layer increases 
with time as heat is conducted into the bulk of the material. By increasing the length of the 
optical pulse to approximately 100 J.l.s, the direct generation of ultrasound can be 
eliminated and the resulting thermal stresses can be exploited to produce parametric 
modulation by dynamic crack-closure. Figure I shows the schematic diagram of the 
experimental arrangement with pulsed laser thermo-optical modulation [4]. The region of 
interest is continuously monitored by an ultrasonic flaw detector emitting a surface acoustic 
wave and operating in pulse-echo mode. The sharp temperature rise produced by laser 
irradiation is accompanied by a strong temporal compressive stress as the extending "skin" 
becomes too large for the bulk of the material. We used a long-pulse Brilliant Nd:YAG 
laser without Q-switching that produces 120-J.l.s-long pulses of 360-mJ total energy at 1.06-
J..lm infrared wavelength at 50 Hz repetition frequency. The detected ultrasonic signal was 
analyzed by a programmable digital peak detector that assures excellent accuracy and 
repeatability. The ultrasonic pulser is synchronized to the laser to produce two pulses for 
each irradiation; one directly following the laser pulse with an adjustable delay of up to 300 
J.l.s and the other delayed by a fixed amount of 10 ms. The first pulse interrogates the crack 
when it is "hot" while the second one provides a "cold" reference. It should be mentioned 
that the actual delay between the start of the laser irradiation and the arrival of the 
ultrasonic pulse at the location of inspection includes not only the adjustable 
synchronization delay between the laser and the ultrasonic transmitter but also the 
approximately 20 J.l.s one-way propagation delay from the transducer to the crack. 
Figure 2a shows the backscattered ultrasonic echo received from a fatigue damaged 
2024Al specimen. The specimen contains a l7-mil starter notch that is hiding a fatigue 
crack of 69 mils total length and an additional surface scratch made after the fatigue 
cycling. This measurement was taken at 5 MHz, when both the real and artifact signals 
were approximately 18 dB above the grain noise. From this figure we can see that the echo 
reflected from the surface scratch has almost the same amplitude as the one from the 
fatigue crack and thus may cause false alarms in conventional inspection. Furthermore, the 
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Figure I. Schematic diagram of the experimental arrangement with pulsed laser 
thermo-optical modulation. 
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fatigue crack is partially hidden by the edm starter notch itself that is necessary to initiate 
the crack. It is rather typical that the geometrical feature or material imperfection that 
produces the stress concentration, which will ultimately start the fatigue crack, itself 
produces an ultrasonic echo that is difficult to distinguish from the initially weaker 
scattering of the fatigue crack. By applying dynamic crack-closure modulation via pulsed-
laser irradiation, the fatigue crack can be identified very easily. Figure 2b shows the 
different modulation levels for the surface scratch and the fatigue crack. The two traces on 
the top show that every second ultrasonic signal reaches the inspected area just after laser 
irradiation, i.e., when the area is "hot" and any possible fatigue crack is slightly closed by 
the resulting compressive thermal stress. The lower two traces show the output of the 
digital sample-hold unit that measures the peak of the ultrasonic backreflection for every 
ultrasonic transmission. Clearly, the reflections from the "hot" fatigue crack are lower than 
those from the "cold" one. This strong thermo-optical modulation of the ultrasonic signal is 
uniquely characteristic to partially closed fatigue cracks. In comparison, the modulation 
associated with the surface scratch is negligible since it lacks those characteristic features 
that render a real fatigue crack particularly sensitive to dynamic crack-closure. 
Figure 3a shows the measured amplitude modulation as a function of 
synchronization delay in 2024AI. Strong crack-closure occurs between 40 and 160 Ils after 
the beginning of the laser irradiation. The maximum modulation is approximately 0.06 dB, 
roughly six times higher than the 0.0 I-dB standard deviation of individual amplitude 
measurements done by our digital data acquisition and processing system. Since both "hot" 
and "cold" measurements are continuously refreshed at the 50-Hz repetition frequency of 
the pulsed laser, the accuracy of the phase-locked synchronous demodulator over a I-s 
integration time is as good as 0.0015 dB. It should be mentioned that these measurements 
were done at 5 MHz and the crack-closure modulation is approximately 60% higher at 2.25 
MHz. Although the signal itself increases with frequency, the dynamic modulation due to 
the thermally induced crack-closure is stronger at lower frequency, where the changing 
interfacial stiffness has a stronger effect on the scattering from the crack [5]. 
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Figure 2. The backscattered ultrasonic echo (a) received from a fatigue damaged 
2024AI specimen which contains a starter notch that is hiding a small fatigue crack and an 
additional surface scratch made after fatigue cycling and the sequential diagram of the 
laser-induced crack-closure modulation technique (b). 
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Figure 3. Measured amplitude modulation versus synchronization delay 
characteristics in 2024Al (a) and Ti-6AI-4V (b). 
In theory, the thermo-optical technique should provide increased sensitivity over 
the conventional ultrasonic flaw detection approach in titanium alloys just as well as in 
aluminum. The actual sensitivity of the technique however depends on a great variety of 
material parameters, which should be all considered carefully and incorporated into the 
optimization of the procedure. In the near infrared region where the Nd:YAG pulsed laser 
operates ('" 1.06 J.l.m), the absorption in titanium is as much as 50% versus the meager 5% 
in aluminum, i.e., the same irradiating power produces one order of magnitude stronger 
heating in the specimen. Due to its low thermal conductivity, the thermal diffusivity is 
approximately one order lower in Ti-6AI-4V than in 2024Al, which further increases the 
optically induced temperature gradients since the heat cannot spread out in the short time 
of illumination in titanium as it does in aluminum. Other parameters, however, favor 
aluminum. For example. the thermal expansion coefficient is higher and the stiffness is 
lower in aluminum. Unfortunately, the most crucial parameter, namely the interfacial 
stiffness of typical fatigue cracks is the most difficult to quantify. Generally, the tips of 
small fatigue cracks in highly ductile aluminum alloys are tightly closed and consequently 
significant crack closure can be achieved at modest compressive stress levels. In 
comparison, the tips of even relatively small fatigue cracks in less ductile titanium alloys 
can be fairly open and consequently significant crack closure requires very high 
compressive stress levels. In conclusion, a direct comparison between 2024Al and Ti-6AI-
4V is all but impossible and additional experiments are necessary to establish the 
feasibility of the thermo-optical modulation technique in Ti-6AI-4V and other titanium 
alloys. Figure 3b shows the measured amplitude modulation from a fatigue damaged Ti-
6AI-4V specimen as a function of synchronization delay at 10 MHz. Strong crack-closure 
occurs between 70 and 290 J.l.s after the beginning of the laser irradiation, i.e., slightly later 
than in aluminum. In spite of the higher inspection frequency, the maximum modulation is 
approximately 0.8 dB, i.e., also higher than in aluminum. 
The magnitude, spatial extent, and temporal variation of the thermo-optically 
induced compressive stress depend on a number of material properties including optical 
absorption, thermal conductivity, specific heat, thermal expansion coefficient, etc. 
Generally, the affected area where crack-closure can be expected is slightly larger than the 
actually irradiated spot. The localized nature of the induced stress is an important 
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advantage of the thenno-optical modulation by pulsed-laser irradiation over the previously 
used mechanical loading and cooling methods. Maximum modulation level can be 
achieved by focusing the laser beam to the smallest spot size that can be maintained on the 
surface without causing pennanent damage. However, a larger diameter laser beam allows 
us to detect cracks in a larger area without having to focus the laser exactly to the tip of the 
crack. The received ultrasonic signal contains backscattering infonnation from a long range 
along the propagation path of the acoustic beam, but only a fraction of this path is actually 
irradiated by the pulsed laser light. Unless the approximate location of the suspected crack 
is already known, full coverage of the acoustic path necessitates the axial scanning of the 
laser beam. Furthennore, the ultrasonic beam is usually significantly wider than the 
modulating laser beam therefore some lateral scanning of the laser beam might be also 
necessary. The actual size of the area where strong crack-closure can be expected can be 
easily detennined by experimental means. Figure 4 shows the variation of the measured 
amplitude modulation due to thennal crack-closure as the laser beam is scanned over the 
area containing the small fatigue crack in aluminum and titanium. The diameter of the 
active spot where strong crack closure occurs is approximately ISO mils, approximately the 
same as the diameter of the unfocused laser beam used to heat the specimen. 
THERMO-OPTICAL MODULATION VERSUS CRACK PARAMETERS 
Similar measurements were carried out on a series of specimens to establish the 
threshold sensitivity of the thenno-optical modulation technique in aluminum at a lower 
inspection frequency of 2.2S MHz, where the same crack closure produces much larger 
amplitude modulation. Figure Sa shows the measured flaw signal amplitude in six fatigued 
specimens and an unfatigued reference specimen. The 2024Al specimens were fatigued at a 
maximum load of 28.6 ksi, load ratio of 0.9, and frequency of 29 Hz. For each specimen 
we also indicated the effective fatigue crack size, which was calculated by subtracting the 
length of the edm starter notch (17 mils) from the total length of the fatigue crack on the 
surface as measured by optical microscopy. Generally, the higher the number of fatigue 
cycles, the higher the effective fatigue crack size and the detected flaw signal amplitude. 
However, the relationship between the number of fatigue cycles and the resulting crack size 
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Figure 4. Variation of the measured amplitude modulation due to thennal crack-
closure as the laser beam is scanned over the area containing the small fatigue crack in 
2024AI (a) and Ti-6AI-4V (b). 
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is somewhat random. Slightly better, although still less than perfect, correlation can be 
observed between the actual crack size and the scattered flaw signal amplitude. 
The most important conclusion one can draw from these results is that the smallest 
fatigue crack of 8 mils effective length compared to the 17-millong edm notch does not 
perceivably increase the flaw signal and would remain undetected by conventional 
ultrasonic inspection. Figure 5b shows the measured modulation amplitude in the same six 
fatigued aluminum specimens and the unfatigued reference specimen. Owing to the 
selective sensitivity of the thermo-optical crack closure technique to partially closed fatigue 
cracks, even the smallest fatigue crack can be easily distinguished from the unfatigued edm 
notch since it produces one order of magnitude larger modulation. As one would expect, 
after going through a maximum, the modulation amplitude actually decreases for very large 
cracks since the relatively weak thermal stresses produced by laser modulation are not 
sufficient to close large, widely open cracks. This is acceptable since the main goal of our 
effort is to improve the detection threshold of ultrasonic inspection so that very small 
fatigue cracks can be detected shortly after crack nucleation. Larger cracks above the 
detection threshold level of conventional inspection techniques can be readily found based 
on the amplitude of the flaw signal alone. 
Similar measurements were carried out on a series of Ti-6AI-4V specimens at \0 
MHz to establish the threshold sensitivity of the thermo-optical modulation technique. 
Figure 6a shows the measured flaw signal amplitudes in five fatigued specimens and three 
un fatigued reference specimens. The effective length of the fatigue cracks (total length 
minus the length of the edm starter notch) is also indicated in Figure 6a. Again, the 
correlation between the effective fatigue crack size and the detected flaw signal amplitude 
is rather dubious. Clearly, specimens containing unfatigued surface notches only can easily 
produce comparable signal amplitudes to those of fatigue damaged specimens. Figure 6 
shows the thermo-optical modulation measured on these titanium specimens. The scale 
was chosen in this way to demonstrate that, although the modulation exhibited a very 
substantial variation on the fatigued specimens, it was clearly distinguishable from the 
much lower values measured on the unfatigued reference specimens. 
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Figure 5. The measured flaw signal (a) and modulation (b) amplitudes in six fatigued 
2024Al specimens and an unfatigued reference specimen containing an edm starter notch 
only (darker first column) at 2.25 MHz. 
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Figure 6. The measured flaw signal (a) and modulation (b) amplitudes in five fatigued 
specimens and three unfatigued reference specimens containing surface notches only 
(darker three columns) in Ti-6AI-4V at \0 MHz. 
DISCUSSION AND CONCLUSIONS 
We investigated the feasibility of unequivocal discrimination of real fatigue flaws 
from artifact signals produced by other scattering objects unrelated to fatigue damage based 
on crack-closure modulation. In this way, otherwise dubious flaw indications that are 
partially or fully immersed in grain and surface noise could be recovered and positively 
identified without unnecessarily raising the number of false alarms. We have developed a 
new experimental technique for real-time monitoring of high-cycle fatigue process by 
laser-ultrasonic methods and demonstrated the feasibility of the technique by experimental 
means. Optical modulation by long-pulse infrared laser irradiation was used to produce a 
temporary compressive thermal stress on the surface of the specimen. The resulting 
dynamic crack-closure of microcracks was detected by high-frequency ultrasonic surface 
wave techniques. 
Like other techniques, the suggested thermo-optical modulation technique also has 
its limitations. Fully open cracks, which are usually easier to detect by other techniques, do 
not produce significant crack closure since the produced thermal stress levels are rather 
modest. Although most fatigue cracks are initiated at or close to the surface, some cracks 
might also occur deep inside the material. Such cracks could not be detected by ultrasonic 
surface wave inspection in the first place because of the small penetration depth of the 
surface wave itself. Furthermore, even if we used bulk ultrasonic waves to interrogate the 
specimen, optically induced thermal stresses could not be used to produce crack closure at 
larger depths since they are also limited to the close vicinity of the surface. 
In the future we would like to further develop this technique to increase the 
sensitivity of ultrasonic flaw detection to fatigue crack nucleation. In state-of-the-art flaw 
detection systems, digital averaging of repetitive A-scans is used to eliminate incoherent 
electrical noise. Coherent spatial noise caused by coarse grain structure and other 
inhomogeneities cannot be eliminated in this simple way since it is invariant on each A-
scans recorded at the same location. We suggest that this microstructural noise can be 
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eliminated, or at least significantly reduced, by synchronous thermo-optical modulation 
using the well-known lock-in amplifier principle. For example, if every second A-scan is 
taken with laser irradiation and inverted before averaging, both incoherent electrical and 
coherent microstructural noises can be rejected with substantial improvement in fatigue 
crack detectability. By exploiting the unique susceptibility of fatigue cracks to stress 
modulation we can distinguish them from intrinsic scattering sources such as coarse grains, 
grain colonies, corrosion pits, fretting, surface scratches, pits, and other topographic 
features, and we can increase the detectability of fatigue cracks by an expected ratio of one-
to-two orders of magnitude. For example, this technique can be used in real-time 
monitoring of fatigue testing to detect the exact point of crack initiation from a starter 
notch. 
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